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Eet of bulk inversion asymmetry on the Datta-Das transistor
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A model of the Datta-Das spin eld-eet transistor is presented whih, in addition to the Rashba
interation, takes into aount the inuene of bulk inversion asymmetry of zin-blende semiondu-
tors. In the presene of bulk inversion asymmetry, the ondutane is found to depend signiantly
on the rystallographi orientation of the hannel. We determine the hannel diretion optimal for
the observation of the Datta-Das eet in GaAs and InAs-based devies.
PACS numbers: 72.25.D, 72.80.Ey, 85.75.Hh, 85.35.-p
Various spin-orbit (SO) eets whih are always
present in semiondutor quantum strutures, are reog-
nized as an important issue in the emerging eld of spin-
troni devies. Already the rst proposal of a spin tran-
sistor by Datta and Das
1
relied on the SO-indued split-
ting of the arrier bands in high eletron mobility transis-
tors (HEMT). As postulated by Byhkov and Rashba,
2
in suh systems, owing to the SO interation and interfa-
ial eletri eld E (the struture inversion asymmetry -
SIA), the spins of the eletrons owing with the veloity
v preess in a magneti eld BR ∼ E × v. To take ad-
vantage of this fat, Datta and Das onsidered a hybrid
struture onsisting of a ballisti quasi-one-dimensional
(1D) wire patterned of a 2D HEMT and of ferromagneti
soure and drain ohmi ontats, serving as spin injetor
and detetor, respetively. The ontats were assumed
to be magnetized along the urrent diretion and to have
100% spin injetion/detetion eieny. The alulated
ondutane for suh a devie was found to osillate as
a funtion of the SO oupling strength α, whose magni-
tude ould be ontrolled via a metal gate loated on the
top of the struture. Datta and Das showed that in the
lowest order in α the osillations depended on neither 1D
sub-band index n nor eletron wave vetor k.
Sine the original proposal of Datta and Das, the oper-
ation of their spin eld-eet transistor (spin-FET) has
been analyzed in muh detail. For example, alulations
of devie ondutane not only for small but also for large
α were arried out3 as well as possible eets of eletron-
eletron interations were analyzed.
4
Furthermore, an
important problem of spin injetion aross the ferromag-
net/semiondutor interfae was onsidered from various
viewpoints.
5,6,7
However, in addition to the SIA (Rashba)
term, owing to the lak of inversion symmetry in bulk ma-
terials  there exists the so-alled bulk inversion asym-
metry (BIA) or Dresselhaus term.
8
It is known that the
ombined eet of both terms modies onsiderably spin
properties of zin-blende heterostrutures.
9
Therefore,
∗
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the SIA and BIA ontributions should be onsidered on
equal footing when analyzing the performane of spin
devies.
10
In this work, we onsider a ballisti quantum wire pat-
terned of a zin-blende heterostruture grown along the
[001℄ diretion. The Hamiltonian desribing the eletron
motion takes into aount both SIA and BIA terms. By a
numerial solution of the Shrödinger equation for GaAs-
and InAs-based systems, we demonstrate the importane,
of hitherto negleted, non-linear terms in the BIA hamil-
tonian. Moreover, we show that the devie performane
depends strongly on the wire diretion in respet to the
rystal axes. This allows us to determine hannel orien-
tation orresponding to the largest transondutane for
both GaAs and InAs based devies.
In order to model the Datta-Das transistor, we on-
sider an innite quantum wire that extends in the x di-
retion, whih is oriented at an angle of φ to the [100℄
rystal axis. The potential onning eletrons in y dire-
tion, V (y), is assumed to be paraboli and haraterized
by the energy dierene between onseutive harmoni
osillator levels h¯ω0=1 meV in GaAs and h¯ω0=3 meV
in InAs, respetively. In order to simulate the presene
of ferromagneti eletrodes, we assume that in the re-
gions x < 0 and x > L the eletron spins experiene the
magneti eld |B
out
| = 103 T, whih is strong enough to
ensure the entire spin polarization. Following Datta and
Das we take the vetors B
out
to point in the x diretion
and onsider the ase of their parallel or anti-parallel rel-
ative orientations. In the hannel region, 0 < x < L,
B
out
deays adiabatially to zero. For x ‖ [100], the SO
Hamiltonian is given by
11
HSO = iα (σy∂x − σx∂y)
+iγ
(
σx∂x
(
∂2y + 〈k
2
z〉
)
− σy∂y
(
〈k2z〉 − ∂
2
x
))
, (1)
where σx and σy are the Pauli matries. The terms pro-
portional to α and γ orresponds to the SIA and BIA,
respetively, whose eet on the band splitting has been
thoroughly examined.
12
Here, we estimate the magnitude
of α and 〈k2z〉 aording to Ref. 11
α =
h¯2
2m
∆(2Eg +∆)
Eg (Eg +∆) (3Eg + 2∆)
2πe2Ns
κ
; (2)
2〈k2z〉 =
1
4
(16.5πe2mNs/κh¯
2)1/3, (3)
whih gives values omparable with those obtained from
the more rened theories, at least in low Fermi energy
limit. In Eq. (2) κ is the stati dieletri onstant, m is
the eetive mass, Eg is the energy gap, and ∆ is the
spin-orbit splitting in the valene band.
13
For example,
for typial areal eletron density Ns = 5×10
11
m
−2
, this
approah implies α =1.7 meVÅ and 42.0 meVÅ for GaAs-
and InAs-based heterostrutures, respetively. The BIA
parameter γ is equal to 25 eVÅ3 for GaAs and 130 eVÅ3
for InAs.
11,14
By transforming the Hamiltonian (1) to a new oordi-
nate system suh that the angle between new and old x
axes is φ we obtain,
HSO = iα (σy∂x − σx∂y)
−iγ
[
σy sin(2φ)
(
1
2
∂2x −
1
2
∂2y + 〈k
2
z〉
)
− σx cos(2φ)
(
∂2y + 〈k
2
z〉
)]
∂x
−iγ
[
σy cos(2φ)
(
∂2x + 〈k
2
z〉
)
+ σx sin(2φ)
(
1
2
∂2y −
1
2
∂2x + 〈k
2
z〉
)]
∂y. (4)
We see that only the Dresselhaus (BIA) term hanges,
while the Rashba (SIA) term remains invariant with re-
spet to the rotations around the z axis.
The full Shrödinger equation for our alulations reads,
(
−
h¯2
2m
(
∂2x + ∂
2
y
)
+ V (y) +HSO
+
1
2
gµBσ ·Bout(x)
)
Ψ(x, y) = EFΨ(x, y), (5)
where EF is the Fermi energy.
To alulate ondutane in the non-interating ele-
tron model we employ the reursive Green funtion
method
15
in a form developed in Ref. 16. We expand
the spinor wave funtion Ψ(x, y) into a series
Ψ(x, y) =
∑
n
χn(x)ψn(y), (6)
where ψn(y) are the eigenfuntions of one dimensional
harmoni osillator potential
(
−
h¯2
2m
∂2y + V (y)
)
ψn(y) = ǫnψn(y). (7)
By using the orthonormality property of these funtions,
it is easy to derive a set of dierential equations for χn(x).
The problem we enounter is the appearane of
third order derivative with respet to x in the term
−iγ sin(2φ)∂3xχn(x), whih originates from the BIA
part of the Hamiltonian. We replae this term by
iγ sin(2φ)k2x(n)∂xχn where k
2
x(n) ≡
2m
h¯2
(EF − ǫn) is the
wave vetor for n'th mode in the absene of spin-orbit
oupling. This approximation is justied by the fat that
for typial experimental situations, γk3F <<
h¯2k2
F
2m . In-
deed, for GaAs for kF ∼ 10
8m−1 and γ = 25 meVÅ3,
γk3F ∼ 4.0× 10
−24
J, whih is muh smaller than
h¯2k2
F
2m ∼
8 × 10−22 J. In other words, the spatial hanges of the
wave funtion are governed mainly by the − h¯
2
2m∂
2
x term
in the Hamiltonian. Treating χn as the omponents of a
vetor χ we arrive to
−
h¯2
2m
R
(
∂2xχ+ 2iQ∂xχ
)
+ (h− EF )χ = 0, (8)
where matrix Q ≡ R−1P and
Rnn′ = δnn′ + i
2m
h¯2
γ
[
σy cos(2φ)−
1
2
σx sin(2φ)
]
D
(1)
nn′ ;
(9)
Pnn′ =
m
h¯2
γ{δnn′σy sin(2φ)[〈k
2
z〉 −
1
2
k2x(n)]
−δnn′〈k
2
z〉σx cos(2φ)− [σx cos(2φ)
+
1
2
σy sin(2φ)]D
(2)
nn′} −
m
h¯2
αδnn′σy ; (10)
hnn′ =
(
ǫn +
1
2
gµBσ ·Bout(x)
)
δnn′
−iγ
[
〈k2z〉 (σy cos(2φ) + σx sin(2φ))D
(1)
nn′
+
1
2
σx sin(2φ)D
(3)
nn′
]
− iασxD
(1)
nn′ , (11)
and the the matrix D
(n)
mn = 〈χm|∂
(n)
y |χn〉. After dis-
retization along x diretion (with the lattie onstant
a) we nally obtain
− tVx,x+aχ(x+ a)− tUx,x−aχ(x− a) + 2tRχ(x)
−
h¯2
2m
RQ2χ(x) + (h− EF )χ(x) = 0, (12)
where t = h¯
2
2ma2 , Vx,x+a = Re
iaQ
, Ux,x−a = Re
−iaQ
.
This form is appropriate for the ondutane alulation.
Before presenting our results we disuss briey the
"linear" approximation to the BIA term. Within this
approximation seond order derivatives ∂2x and ∂
2
y are
negleted in Eq. (4). On the basis of this linear approx-
imation one an easily understand the inuene of the
hannel rystallographi orientation on the performane
of spin-FET. Let us onsider a transversal running mode
haraterized by wave vetor k. Following Datta and
Das
1
we neglet intermode oupling aused by spin-orbit
terms. Then, it is possible to dene Rashba and Dres-
selhaus "magneti elds" BR = αk(0,−1) and BD =
γ〈k2z〉k(− cos 2φ, sin 2φ). Their sum BSO = BR + BD
determines the spin preession frequeny. Importantly,
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FIG. 1: Soure-drain ondutane of a GaAs-based devie as
a funtion of the Fermi energy for φ=0 ([100℄ hannel dire-
tion) and anti-parallel eletrode magnetizations. Upper panel
- omparison of linear and nonlinear ases. Lower panel - par-
tial ontributions of three hosen modes to the ondutane.
0
5
10
15
0 5 10 15 20
Fermi Energy (meV)
0
5
10
15
Co
nd
uc
ta
nc
e 
(e2
/h
)
nonlinear
linear
φ=135o
nonlinear
linear
φ=110o
FIG. 2: Soure-drain ondutane of a GaAs-based devie as
a funtion of the Fermi energy for φ = 135◦ (upper panel)
and for for φ = 110◦ (lower panel).
the magnitude and orientation of BSO with respet to
the x axis depend on the angle φ. That is why the pre-
ession frequeny varies with the hannel rystallographi
orientation. It is easy to nd out that for φ = 135◦, BSO
is perpendiular to the x axis, and its length assumes a
maximum value. Thus, for the [1¯10] hannel orientation,
in the linear approximation, the period of the osillations
is the shortest, and thus the Datta-Das eet best visible.
These qualitative onsiderations have been onrmed by
our numerial alulations performed in the linear ap-
proximation. However, in neither GaAs nor InAs the
linear approximation is justied for the experimentally
relevant Fermi energy range.
We start the disussion of the full nonlinear model from
results for the devie oriented along the [100℄ diretion
(φ = 0). As shown in the upper panel of Fig. 1, for a
given relative magnetization of the ontats, two types
of ondutane osillations as a funtion of the Fermi en-
ergy appear: the long-period Datta-Das osillations and
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FIG. 3: Soure-drain ondutane of a InAs-based devie as a
funtion of the Fermi energy for φ = 0◦ and φ = 135◦ for the
opposite (upper panel) and parallel (lower panel) soure-drain
polarizations.
the short-period Fabry-Perot osillations resulting from
interferene between transmitted and reeted spin wave
funtions by the two ontats.
5
In real experiments, the
latter are expeted to be washed out by thermal broad-
ening and eets of non perfet geometry. Therefore, in
the following pitures we show smoothed data obtained
by averaging with the Fermi energy window of 1.0 meV.
We realize that in the nonlinear ase, ontributions to
the ondutane originating from partiular modes osil-
late with dierent periods. When the Fermi energy or,
equivalently, eletron onentration grows, every 1 meV
a new mode, with its own period, starts to partiipate
in the transport. We illustrate this eet in the lower
panel of Fig. 1, where a partial ondutane due to 0th,
6th and 12th mode is depited. This leads to the disap-
pearane of the ondutane minima when the nonlinear
terms in the SO Hamiltonian are taken into aount, as
shown in Fig. 2 (upper panel). By analyzing the on-
dutane for dierent angles φ we have found that the
optimal angle for the observation of Datta-Das eet in
GaAs is φ = 110◦ (see Fig. 2 lower panel).
Turning to the InAs-based transistors, we note that
dierent ratios of parameters desribing SIA and BIA
terms result in a dierent behavior of the ondutane as
a funtion of the transistor diretion. For InAs the spin-
orbit parameters are about order of magnitude larger,
however, the eletron mobility in InAs is low omparing
to GaAs so the length of the quantum wire have to be
shorter, otherwise we annot assume ballisti transport
regime. In alulations we have assumed L=4.0 µm.17
The results for the optimal angle φ=0◦ are presented in
Fig. 3. They are ompared to the ase φ=135◦ whih is
the optimal angle determined within the linear approah.
In Fig. 3 we show ondutane for opposite (upper panel)
and parallel (lower panel) soure-drain polarizations, re-
spetively.
The angle dependene of ondutane for GaAs and
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FIG. 4: Upper panel - Transondutane as a funtion of
hannel's diretion. Lower panel - Relative dierene of on-
dutanes for opposite and parallel soure-drain polarizations.
InAs devies is summarized in the upper panel of Fig. 4,
where we plot the transondutane, |dG/dEF |, a quan-
tity of partiular experimental interest. The transon-
dutane in Fig. 4 is dened as the absolute value the
derivative of ondutane with respet to the Fermi en-
ergy. For a given angle φ, we take into aount the en-
ergy region, where the ondutane dereases. Indeed, a
derease of G is diretly onneted with the Datta-Das
eet while its inreases is onneted also with the in-
reasing number of modes partiipating in the transport.
In the lower panel of Fig. 4 we present the Fermi energy
dependene of another quantity whih is also important
in the experimental searh for the Datta-Das eet,
5,6
P = (G+− −G++)/(G+− +G++), where G++ and G+−
are ondutanes for parallel and opposite soure-drain
polarizations respetively. Our results imply, therefore,
that there is muh room for the enhanement of the
Datta-Das signal by seleting an appropriate rystallo-
graphi orientation of the devie.
In onlusion, we have developed a theoretial ap-
proah suitable to numerial studies of ballisti ele-
tron transport in semiondutor wires taking into a-
ount spin-orbit eets. The model has been applied to
the Datta-Das spin-FET of zin-blende semiondutors.
There are two main results of our model alulations.
First, there is a strong dependene of the transistor on-
dutane on its diretion with respet to rystallographi
axes. Seondly, our alulations expliitly show the im-
portane of nonlinear terms in BIA Hamiltonian. For
partiular model of the spin-orbit parameters, Eq. (2)
and Eq. (3), we have also determined transistor diretion
optimal for the observation of the Datta-Das eet, whih
is [1¯20] and [100℄ for the GaAs and InSb-based devies,
respetively.
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